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Abstract 
An ultrasonic vibration assisted micro-milling (UVAM) with longitudinal vibration of workpiece is investigated in this paper. 
The most essential difference between ordinary micro-milling and UVAM lies in the trajectory of cutter tooth. A mathematical 
model has been established to simulate the trajectory of the cutter tooth. A more complex and ergodic trajectory has been found in 
UVAM. Series of experiments have been performed to investigate the surface roughness of Al6061 processed by micro-milling 
with and without ultrasonic vibration. It is found that the surface of Al6061 processed by UVAM has a smaller roughness value 
compared to that processed by ordinary micro-milling when choose an appropriate ultrasonic vibration amplitude. The influence of 
different ultrasonic vibration amplitude on surface roughness of Al6061 processed by UVAM has been analyzed. It is found that 
ultrasonic vibration amplitude has an optimum value with regard to the surface roughness of Al6061 processed by UVAM and is 
not the bigger the better. 
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1. Introduction 
 Micro components are now extensively utilized in 
aviation, aerospace, military, automotive, medical, 
biotechnology and other industries. A lot of micro 
processing methods such as LIGA, lithography, micro-
milling, micro electrical discharge machining, micro 
electrochemical machining , micro ultrasonic machining, 
to name a few, have been introduced to fabricate micro 
components. The micro-milling plays an important role 
in microfabrication due to its advantages of flexibility, 
high efficiency and low energy consumption [1].  
However, the ordinary micro-milling method has  many 
difficulties in the processing of hard and brittle materials. 
The ultrasonic vibration assisted micro-milling (UVAM) 
is an efficient improvement of micro-milling for these 
materials. Moreover, the ultrasonic vibration is also 
favourable for the processing of commonly used ductile 
materials.  
Micro-milling and UVAM have attracted a lot of 
researchers interests for a long time. Yang Zhan-kai et 
al. [2] discussed the feasibility of ultra-precise micro-
milling of microstructure. Polyvinylchloride micro-
arrays on multi scales were fabricated based on the ultra-
precision micro-milling technology. Cao Ziyang, et al. 
[3] investigated the relationship between the surface 
roughness of the parameters of micro-milling. E. 
Uhlmann, et al. [4] developed an innovative tool design 
of micro end mills using the parameter technology in a 
FEM strain simulation and the new tool design had been 
successfully verified by micro-milling the tool steel. 
Aurich, Jan C, et al [5] described a method to the design 
and manufacture of single-edge micro end-mills with 
diameters between 10μm and 50μm and a variable helix 
angle , and then used this end-mills in titanium and 
polymethyl Methacrylate to demonstrate its potential. 
Xiaoliang Jin, et al. [6] established the milling force 
model. The machining force during the micro-milling 
process is predicted using a finite element simulation. 
Shen Xuehui, et al. [7] investigated the effects of the 
ultrasonic vibration in micro-milling process. Gwo-
Lianq Chern, et al. [8] proposed two-dimensional 
vibration cutting for micro-milling. Hui Ding [9] 
investigated the cutting mechanisms of two-dimensional 
vibration-assisted micro-milling by serials of 
experiments. The research of ultrasonic vibration 
assisted micro-milling with the longitudinal vibration of 
workpiece is rarely found in recent papers. 
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2. UVAM with the longitudinal vibration of 
workpiece  
2.1. Processing principle and Equipment 
The principle of UVAM with longitudinal 
vibration of workpiece is shown in Fig.1.  The difference 
of UVAM from ordinary micro-milling is that the 
workpiece is clamped on the surface of ultrasonic 
transducer rather than on a stationary workstation. The 
milling tool is installed in a spindle with high rotation 
speed. The motion of milling tool relative to the 
workstation composes three distinguish parts: the 
rotational motion, the feed motion, and the high-
frequency longitudinal vibration. 
 
 
 
 
 
 
 
 
 
 
Fig.1 The principle schematic of UVAM with the 
longitudinal vibration of workpiece 
According to the requirements of UVAM, 
experimental equipment is designed and built up. The 
main components of the equipment include an air turbine 
spindle, a precise three-dimensional motion platform and 
an ultrasonic vibration worktable. The air turbine spindle 
(shown in Fig.2) is provided by NAKANISHI. The 
working air pressure of the spindle is 0.5MPa. The 
rotational speed and rotary precision are 150000r/min 
and 1μm, respectively.  
 
Fig.2 The physical map of air turbine spindle 
The three-dimensional micro movement platform 
provided by PI Company is shown in Fig.3. The 
resolution of each moving platform is 0.1μm. The 
ultrasonic vibration worktable is designed by ourselves 
with an inherent frequency of 38 KHz, and the micro 
ultrasonic vibration worktable can output different 
amplitudes when different voltage is supplied into the 
transducer. Three values of amplitude (11μm, 15μm and 
19μm) are obtained through direct measurement. During 
the processing, the ultrasonic vibration worktable is 
fixed on the three-dimensional motion platform, and the 
workpiece of Al6061 is clamped on the end surface of 
the transducer. 
 
 
Fig.3 The physical map of three-dimensional motion 
platform 
2.2. Modeling of the trajectory of  cutter tooth 
The micro milling-tool used in the process is 
illustrated in Fig.4. The diameter of toolholder is 4mm , 
the diameter of shank is 0.5mm, and the micro milling-
tool have two cutter teeth. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 The micro milling-tool 
In UVAM with longitudinal vibration of workpiece, 
the motion of each cutter tooth relative to the workpiece 
can be decomposed on Cardinal coordinate system 
(shown in Fig.1).  The motion equation can be written as 
 
 
0.5mm 
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Where ( ix , iy , iz ) is the coordinates of the i-th cutter 
tooth. The meaning of other parameters are listed below 
r -the diameter of the shank,  
A -the vibration amplitude of the ultrasonic transducer, 
ω -the rotational velocity of the spindle, 
N -the total number of cutter tooth of the tool,  
t –the processing time,  
u  -the feed rate of tool,  
f  -the frequency of ultrasonic transducer,  
φ  - the phase of ultrasonic vibration. 
It can be seen that the x-component of the motion is the 
superimposition of the feed motion and the rotational 
motion, while the movement on y-axis is simply the y-
component of the rotational motion. The motion on z-
direction is a high - frequency vibration.   
The formula (1) is solved by MATLAB software 
to simulate the trajectory of cutter tooth. It is hard to 
show clearly the trajectory of cutter tooth due to the high 
rotational speed, therefore the feed rate of tool is 
magnified 100 times in order to present the trajectory 
clearly. The simulated trajectories are shown in Fig. 5. 
The red line and black line in the picture represent the 
two cutter teeth with a phase difference of 180°. As 
shown in the picture, the trajectory of the two cutter 
teeth is a three-dimensional curve with regular change. 
 
 
 
 
 
 
 
 
 
 
 
Fig.5 The trajectory of the two cutter teeth in UVAM 
3. Experimental results and discussions 
The surface roughness value of Al6061 is 
measured by the MAHR surface roughness & surface 
profile instrument. The vertical direction and the 
horizontal direction resolution of the instrument are 
60000:1 and 16000:1, respectively. The three-
dimensional morphology of the processed surface is 
illustrated in the Fig.6. A straight line is drawn on the 
surface symmetrically so as to output the roughness 
values.  
In order to compare the processing performance of 
the slots surface processed with and without the 
assistance of ultrasonic vibration, three groups of 
experiment are carried out on different ultrasonic 
vibration amplitude. The rotational speed of spindle is 
150000r/min. Diameter of milling tool is 0.5mm, and the 
feed rate is 0.5mm/s. The surface morphologies of the 
processed micro-slots are illustrated in the fig.7. The 
subfigure (a) shows the result processed by micro-
milling without ultrasonic vibration. The surface 
morphologies of Al6061 processed with the assistance of 
different ultrasonic vibrations are illustrated in the other 
three subfigures.  It can be seen that the surface 
processed by UVAM is more uniform than that 
processed by micro-milling without vibration.  Clear 
machining marks are left on the surface processed 
without ultrasonic vibration.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.6 The schematic diagram of measure surface 
roughness 
 
The surface roughness on the symmetry line of the 
observation area is measured by the MAHR surface 
profile instrument.  Three slots are processed using the 
same machining parameters, and the surface roughness 
is measured by averaging over the three samples. The 
average surface roughness of the micro-slots processed 
by UVAM is plotted in Fig. 8. The result suggests that 
the amplitude of the ultrasonic vibration has an optimum 
value on regarding the surface roughness. The 
phenomenon is believed to be a result of the hammer 
effect induced by ultrasonic milling.  Because of the 
high-frequency vibration, the cutter teeth will hammer 
the workpiece constantly. Therefore, the quality of the 
processed surface can be improved by an appropriate 
ultrasonic amplitude. But the ultrasonic vibration 
amplitude is not the bigger the better. 
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(a)                                         (b) 
 
 
 
 
 
 
 
 
 
 
(c)                                           (d) 
Fig. 7 The surface processed micro-milling with and 
without the assistance of ultrasonic vibration. The 
amplitude of the ultrasonic vibration is (a) 0-without 
vibration, (b) 11μm, (c) 15μm and (d) 19μm. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.8 The surface roughness value on different  
amplitude of the ultrasonic vibration 
4. Conclusions 
According to the requirements of the ultrasonic 
vibration assisted micro milling with longitudinal 
vibration of workpiece, an experimental equipment has 
been designed and built up. The tool trajectory is 
modelled and calculated using a numerical method. 
Serials of experiments have been performed to 
investigate the influence of ultrasonic vibration 
amplitude on the surface roughness value of Al6061 
processed by UVAM. The conclusions can be drawn 
from the studies. When choose an appropriate ultrasonic 
vibration amplitude, the surface of Al6061 processed by 
UVAM has a smaller roughness value than that 
processed by ordinary micro-milling. Machining marks 
can be observed obviously on the surface of Al6061 
processed by ordinary micro-milling. 
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